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REPORT OF RESEARCH FINDINGS

ELECTRON BEAM RESULTS

A simple, robust, plasma-based, variable pulse-length electron beam source that produces
10's nsec to 100's msec pulses has been developed. Three distinct modes are identified: a
transient hollow cathode discharge, a quasi steady-state hollow cathode discharge and a
super-emissive cathode mode. During the transient hollow cathode discharge an electron
beam with duration ~ 50 nsec, current = 60 A, normalized brightness = 4%1010 A/m2rad2
was measured. The device appears to be directly applicable for applications including
jammers, intense microwave sources, and accelerators.

During the previous period we have applied the research into hollow cathode electron
beam sources to the development of a broad area, intense electron beam source for high
resolution, high throughput semiconductor lithography. We have made significant
progress. Electron beam lithography using a robust, high current density (>10 A/cm?2),
high brightness (>1010 A/m2rad?), broad area (>1 cm diameter) electron beam source is
reported. The electron beam is produced during the hollow cathode discharge phase of a
back-lighted thyratron. The generated beam propagates in soft vacuum (<200 mTorr) and
is collimated using cylindrical dielectric waveguides, resulting in uniform intensity over
an area exceeding ~1 cm?2, along with a small divergence angle (<1.5 degrees). Masked
lithography for replication of fine line structures has been achieved, demonstrating the

“potential for a high throughput (~30-40 wafers/hour), high resolution (<0.25 pm)
lithography system that is competitive with much more sophisticated x-ray and short
wavelength optical systems.
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Schematic of the electron beam lithography system. Inset: SEM picture cross section of
the replicated PMMA structure at higher magnification, indicating sharp wall profiles.

BACK-LIGHTED THYRATRON (BLT)

The Back-Lighted Thyratron (BLT)! is a high power switch that was partially developed
under research supported the ARO. The programs that supported development of the
switch included basic research? funded at USC, and a subsequent SBIR grant at
Integrated Applied Physics, Inc., a small business in Torrance CA.

The BLT is at this stage a switch that fits in the area between high power thyratrons and
spark gaps. It has life advantages relative to spark gaps, and conducts higher current than
thyratrons. Related versions are under development in Germany, England, Russia,
France, and Japan--for example, development underway at Siemens and at Aachen in
Germany is attempting to extend the life by approximately a factor of 10 through
modification of electrodes. The switch is at a stage that commercial versions are now
available for applications including pulsed CO; and excimer lasers.
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Research related to the BLT has explored electron beam production for applications
including microlithography3, fusion sources (electron beam ion trap, or EBIT4), and high
brightness accelerator applications>. However, it is remarkable that following transition
of the pulsed power research to development of the switch, the remarkable emission
properties of the BLT cathode led to fundamental studies, and exploration of new
emission properties, particularly of hollow cathode emission properties, and a so-called
super-emission. During super-emission current densities in excess of 10,000A/cm? are
produced over macroscopic areas >1cm?. The physics behind this emission processS is
leading to new areas for development, and improved understanding of fundamental
processes related to the formation of arcs and emission of current. .

The Back Lighted Thyratron

Advantages

Low pressure glow
Low forward, reverse drop
Reverse current

IAP
BLT - 250

Robust - o

High Current -- 1 to >100 kA S : A
Simple for implementation Mountnd Hiange T Y
Very fast (>10(12)) current rise rate Gas Roservoir 3% ering Post

Low standby power
Optical control
Very isolatable

References:

"High power pseudospark and BLT switches,"

K. Frank, et al, IEEE Trans. Plasma Science, 16, 317 (1988).
"Fiber optic triggered high-power ...,"

C.G. Braun, et al, [EEE Trans. Elec Dev, 35, 559 (1988).

"A flashlamp triggered high power thyratron type switch"

G. Kirkman, et al, App. Phys. Lett. 52, 613 (1988).

Patented

Summary of BLT properties. The BLT switches are 2.5” and 1 5/8” in diameter.

A key issue relating to the life and erosion rate of the back-lighted thyratron was
resolved, and published in Physical Review Letters.

Work on this problem has been going on simultaneously at Ekaterinburg and Ryzan
Russia, Siemens in West Germany, Lawrence Laboratory, and at USC. It was found that
the type of emission, the "super-emission", is a critical function of cathode field, and
cathode heating conditions. This translates conceptually to the design of electrodes for
high power BLT switches, and is being used to select electrodes. In addition, a
geometrical configuration of the cathode has been found that is advantageous for very
high current (>100kA)
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A remarkable effect related to the super-emissive process in the back-lighted thyratron
and pseudospark has been discovered. Self-sustained self-sputtering occuring during
high current operation (=104 A/cm?2, I>103 A) was shown to be a possible mechanism for
the superdense glow. The mean-free-path for ionization of cathode material sputtered in
the low-current hollow-cathode phase can be shorter than the cathode-anode gap distance,
and ionized atoms can return to the cathode surface, self-sputtering with a yield greater
than one. The self-sputtered cathode atoms become ionized in the beam of electrons
accelerated in the cathode sheath. A large fraction of the discharge current at the cathode
surface can be carried uniformly over the surface by ions, and a very high electron
emission density is not required to maintain the high current.

GAAS-BASED POWER SWITCHES

Initial devices were single channel, surface gate type prototypes which had breakdown
voltage of 200 volts and conduction current of ~ 1 mA. The specific on-resistance, and
the blocking gain of these devices were 20 mQ.cm? and 2, respectively. In addition,
optical triggering using a compact semiconductor laser diode array was demonstrated.
The next generation devices were fabricated during the previous year, and were of the
interdigitated, buried gate structure, designed for 1 ampere current conduction capability.
Experimentally, breakdown voltage of 200 volts, and specific on-resistance of
20 mQ.cm? were obtained. This demonstrated that GaAs static induction transistors have
significant potential for high efficiency power electronics switching applications. The
devices being presently fabricated are of the recessed-gate type, with breakdown voltage
ranging from 150-300 volts, and conduction current of 1 ampere. These devices are
optimized, and address the key issues of improved efficiency and low gate drive
requirement. As compared to older generation prototypes, they exhibit significantly lower

values of specific on-resistance (1-3 mQ.cm?2), and considerably higher blocking gains,
ranging from 25 in the 300 volt devices to 75 in the 300 volt devices.

POLLUTION ABATEMENT

The possibility of using electrical plasmas to reduce NOX, particulate and hydrocarbon
emission from diesel engines is receiving attention within the diesel community, as well
as for other applications including incineration and utility power plants. Particularly
attractive aspects include potential for operation without modification of the engine, in
the form of an attachment, such as a muffler. A key requirement for implementation is
efficiency; producing high voltage, high current pulses with fast risetime and short pulse
length at high repetition rates—repetitive pulsed power systems in the past have been
limited in efficiency and life. We report here observation of improved efficiency in terms
of fraction of required engine power (=2%). Various other aspects of research into the
pulsed plasma treatment process are discussed.

Plasma processing provides an exciting prospect for control of effluents from many
different sources including diesel engines, power plants, vehicular sources, and reduction
of toxic metals and hydrocarbons. If successful, this method will have broad and very
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significant impact on the reduction of many forms of air pollution. Current research
seeks to understand the fundamental plasma chemistry that occurs in the plasma cell, and
improve the electrical efficiency. Ultimately a central issue is the need to produce
efficient processisng, in terms of engine power required. In this paper we report efficient
operation of a plasma processing device. Considerable improvement in efficiency can be
achieved with plasmas using fast, short, high voltage pulses and producing higher energy
electrons, if this form of pulsed power can be efficiently generated and applied to the
load. Success is expected to provide a cost-effective, reliable method to reduce NOx and
hydrocarbon emission for engines and other sources, such that these sources will meet the
NOx emission standards set by the environmental regulations.

The pulsed plasma system provides flexibility in design to accommodate all kinds of
processing requirements. When fully developed, it will be a viable and competitive
system for engine exhaust treatment. The pulsed plasma system will be easily retrofitted
to existing engines, including those that are not manufacturer supported. Also, the pulsed
plasma system will be easily incorporated with new diesel engines. Compared to other
exhaust gas treatment systems, the pulsed plasma treatment system will be very
inexpensive to fabricate. The pulsed plasma system is quite versatile in treating various
pollutants because the plasma chemistry is dominated by the high energy electrons.
Readily scalable, it can be applied to treatment of exhaust gases from sources of any size.
Military bases and other federal installations that discharge hazardous solid wastes must
also comply with FFCA requirements. Pulsed plasma processing is very attractive for
treatment of flue gases from fossil-fuel-burning power plants to reduce SO2 and NOx
emissions. Currently, there are over 1600 power plants with greater than 50 MW
generating capability, and flue gas emission of these power plants are a major concern for
environmental protection.

The pulsed plasma method has several potential advantages relative to other approaches.
For example, techniques for NOx removal are often suitable only for stationary sources
because of the difficulty of handling and injecting a reductant chemical. Exhaust gas
recirculation, examined as a means of eliminating the NOx component in mobile sources,
is apparently most effective when combined with lowering of the combustion temperature
in the engine cylinder. The combustion efficiency is decreased, the formation of soot is
increased, the engine output decreases, and fuel consumption increases. Thus these
techniques are not yet mature, and research must still address their ultimate feasibility.

Nearly all mechanical or combustion cycle modifications to reduce NOx emissions (e.g.
guel mixture, timing, water injection, EGR, compression or combustion modifications)
decreases efficiency, or may increase particulate or hydrocarbon emission—effectively
increasing operating costs. Modifying existing power sources can also be expensive.
The "plasma muffler" approach reduces the degree of modification required, and is a
broadly applicable approach. Successful development may be applied to many different
systems and fuels (gasoline, methanol, diesel, natural gas, etc.), and is equally applicable
to stationary and mobile sources (for example, VOC sources may be treated). The plasma
treatment approach deserves the most serious consideration because it is extremely
general in approach, and if successful, will have enormous impact on emission reduction.
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The pulsed plasma approach is based on the use of higher energy electrons, wherein the
electron temperature is much greater than the gas and ion temperatures, and/or the
electron energy distribution is highly non-Maxwellian. The process uses highly reactive
radicals, which can be efficiently produced by collisions with sufficiently energetic
electrons (E >=50eV). This method has been studied widely by various groups to treat
waste gases including SO2, NOx, and hydrocarbons. The system has advantages of
simple and flexible design, scalability, potential for high energy efficiency, mature
technology (as in ozone generators), and high pressure operation (21 atm) which
translates into high rate of chemical reaction and large reactor throughput. The plasma
process has been applied to the treatment of diesel engine exhausts by the Japariese group
led by Fujii. They were able to obtain 70% reduction of NOx and SOx components, and
complete elimination of soot, from the exhaust from a 2-liter diesel engine.

Investigation of the non-thermal plasma approach requires a broad range of studies
including basic pulsed power modulator design for efficient power conditioning,
sophisticated diagnostics for the plasma reactor, and advanced modeling of related
plasma chemistry (Figure 1).

Corona

Si.lent ol Modulator Design
Discharge Innovative Modulator
(also packed=- s T Components
dielectric) = Switch Efficlency and Lite
N st : S Power
Surface 2 Conditioning
Discharge
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Environmental Surface Interactions
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Figure 1. Schematic of elements required for investigation of fundamental physical processes occuring in a
plasma reactor. Upper left: Representation of types of plasma cells under investigation.

In order to significantly improve the efficiency and effectiveness of the non-thermal
plasma reactor and substantially increase the reactive volume of the plasma, it is desirable
to have a uniform discharge occurring in the non-thermal plasma reactor to distribute
evenly the radical concentration throughout the reactor volume. In order to investigate
these processes directly, a technique such as laser induced flourescence (LIF) must be
used. A primary target is NO.
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In Fig. 2 is shown in situ treatment of a diesel engine in a Volkswagen automobile.
Results from these studies suggest that it will be possible to obtain efficient operation of
the plasma treatment system (=2% engine power).

Figure 2. Implementation of surface discharge cell with Volkswagen car.

There is at present theoretical research underway involving detailed multidimensional
modeling of the plasma chemistry, reactor geometry and pulsed power. In previous
work, a plasma chemistry model was developed for examining plasma removal of
S0O2/NOx from coal fired power plants and oxidation of organic wastes. The model
includes a full accounting of electron impact, ion and neutral chemistry at atmospheric
pressure, surface reactions, an extensive data base, and external circuitry. The densities
of all species are tracked during and after repetitive electrical discharge pulses. Important
issues to be investigated are the mode of power deposition as a method to select chemical
reduction or oxidation, the effects of aerosol particles and the effects of reactor geometry.

Plasma aftertreatment of diesel exhaust principally relies on the removal of nitrogen
oxides (NOx ) and other hazardous components by the highly reactive radicals produced
in a non-thermal plasma. These chemical reactions occur mainly in the gas phase, but the
plasma composition and characteristics can be affected by heterogeneous reactions of
ions, electrons, radicals, and molecules with the electrode surfaces and reactor walls.
Surface processes must also be modeled in numerical simulations necessary to understand
reactions in the gas stream. However, detailed data on the kinetics, thermodynamics, and
mechanism of the surface interactions of such species is essentially nonexistent and the
foundations for understanding these reactions are not developed nearly as well as for the
comparable gas phase reactions. Thus, hard data needed for modeling is not available
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and is extremely difficult to predict. There is a very serious need for sophisticated
modeling of the plasma chemistry, and the data to support such modeling.

Plasma treatment has demonstrated considerable promise, and a broad range of
applications. There are in addition to engineering and development issues, some very
attractive scientific problems that require study. Thus there are many exciting, useful,
and potentially very beneficial aspects to the development of the non-thermal plasma that
will become more apparent as this work receives attention in the future.
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